Introduction
The foundations of structures embedded in expansive soils are observed to undergo cyclic swell-shrink movements due to alternate wetting and drying of these soils { [1] , [2] , [3] , [4] , [5] }, causing severe distress to the structures resting on these soils, especially the lightly loaded ones { [6] , [7] , [8] , [9] , [10] }. The approximate annual cost of damage caused by these soils to the civil engineering structures amounts to billions of dollars all over the world { [11] , [12] , [4] , [13] . To counter the heave of footings resting on these soils, several foundation techniques were put forth by the engineering community like sand cushion { [14] , [15] }, CNS layer [1] , chemical stabilization { [6] , [16] , [17] }, moisture control [15] , pile foundations { [18] , [19] } and under-reamed pile foundation { [20] , [21] , [22] }. Most of these techniques are being practiced with varied degree of success over a wide a range of climatic variation and soil properties.
Out of all the techniques available, Under -reamed pile foundation gained prominence all over the world in general and in India in particular. This foundation is based on the principle that it anchors down the structures in a stable zone of soil bed [23] . But this foundation technique is considered to be cost prohibitive one, especially for low cost structures, where the cost of the structure itself is low { [24] , [25] }. Some researchers { [26] , [27] , [28] } have reported the difficulty in bulb formation and instead, suggested to opt for conventional concrete pile with an increase in length extending up to the stable zone. Small diameter concrete piles popularly known as micropiles have been increasingly used for various geotechnical applications like underpinning of foundations and also to resist tensile loads. It has been felt by researchers that these piles can be tried as a potential alternative to under-reamed piles { [29] , [30] , [31] , [32] }. In the Similar grounds, some other investigators { [33] , [34] , [13] , [35] } felt that the granular piles could be used to counteract the damage potential of footings resting on expansive soils, although they were originally developed to deal with the soft ground problems. However, a conventional granular pile cannot resist any pull-out load coming on to it due to its discrete particulate behaviour. Hence, the discrete particles are unified by providing a central anchorage member connected to the foundation footing and is named as granular anchor pile.
The pilot testing carried out at N.I.T. -Warangal both in the laboratory and field indicated that the granular anchor piles provided below shallow footings are effective in controlling their heave when compared to conventional concrete piles [36] . The efficiency of these granular anchor piles in reducing the heave of footings resting on expansive soils depends entirely on their pull-out capacity. Hence, in the present investigation, an attempt is made in the laboratory and field to study the pull-out capacity of granular anchor piles and is compared with that of conventional concrete piles. Tests were carried out both in unsaturated and in fully wet conditions of soil mass to estimate the loss of pullout capacity upon wetting.
II.
Experimental Work
Laboratory Studies

Materials Used
In this laboratory work, the following materials are used.
Soil:
The expansive soil used is a black cotton soil collected from 1. The materials that are used for the installation of piles are stones of particle size 6 mm to 10 mm and locally available sand of uniformity coefficient 2 to 3. The stones and sand when used in the proportion of 2:1 by volume is expected to give well-compacted mass with sand filling the voids of stones [37] . Hence, in the present work, the stones and sand were used in the ratio of 2:1 for the preparation of granular pile.
Anchor:
The central anchor used to unify the granular material, consists of a 5 mm thick metal plate welded to a vertical mild steel rod of 10 mm diameter with threading at the top.
Concrete Pile:
The concrete piles of required diameter were cast using cement concrete of M 15 mix.
For the pull-out tests in the laboratory, a testing tank of size 500 mm diameter and 900 mm long has been used ( Fig. 1 ). The expansive soil was compacted in the testing tank at its optimum moisture content to achieve the maximum dry density value. The weight of the expansive soil required for the experiment has been divided into number of equal parts of 25 mm thick each, each part having to be compacted to the required height, ensuring that the desired unit weight has been attained.
To have the anchorage action of the granular pile, a mild steel circular plate of diameter equal to that of the granular pile was welded to a mild steel rod of 8 mm diameter and was used as an anchor at the center of granular pile. A casing pipe of diameter equal to that of granular pile has been placed at the center of the tank and the anchorage rod was inserted into the casing pipe. The black cotton soil bed was formed around the casing pipe upto a convenient height and the casing pipe was withdrawn partly (less than the thickness of the prepared soil stratum), so that a hole of diameter equal to that of granular pile was formed. Then, for the formation of granular pile, stones and sand were used in the ratio of 2:1 and the granular pile material around the central anchor member was compacted with a hammer till there is no considerable settlement. The process of preparation of soil bed and granular pile has been continued till the required height was achieved. A sand layer of 200 mm thick was laid over the surface of compacted soil to have the surcharge effect on it. As shown in 
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www.iosrjournals.org Fig.1 , the top end of the anchored rod was connected to a proving ring, which is attached to loading frame, and dial gauges were attached to the angles on either side of the anchor rod. Tensile load was applied on the pile (with a speed of 0.75 mm/ min) and the proving ring readings were observed for different dial gauge readings. The test has been continued till the failure of granular anchor pile, which gives its pull-out capacity in unsaturated condition. The experimental setup used for determining the pull-out capacity in the laboratory is shown in Fig. 2 .
To determine the pull-out capacity in saturated condition, the entire test setup as described earlier was prepared and the water connection was given through the inlet of the test tank and it was allowed for complete saturation. As shown in Fig.1 , for easy drainage of water, sand drains were formed along the diameter and height directions, so that the saturation of the soil will be achieved quickly. During the saturation period, heave readings were observed with the help of dial gauges fixed to both sides of anchor rod and after achieving no further heave condition, pull-out load was applied on the pile to determine the pull-out capacity in saturated condition.
Fig. 2. Experimental set-up for pullout tests
For comparison purpose, the pull-out capacity of concrete piles of similar dimensions was determined in the same manner for both unsaturated and saturated conditions. For these tests, initially, concrete piles of 50 mm diameter and 200 mm length were cast with an anchor rod at its center using M 15 grade concrete mix. These were allowed for 7 days of curing before testing them for their pull-out capacity.
Field Studies
For the field experimentation, the site near the north boundary of N.I.T. -Warangal campus was selected where highly expansive soil bed is available. At this site, the thickness of expansive soil is found to be around 2.4 m from the ground surface.
The concrete and granular anchor piles of required length and diameter were cast and installed in the field as shown in Fig. 3 . The range of soil properties at this site are: Liquid limit = 70 -110%, Plastic limit = 26 -30%, Shrinkage limit = 15%; Clay content = 35 -48%; Swell potential = 12 -28 % and Swell pressure = 200 -440 kPa. It is found that the swelling properties of soil bed are increasing with depth at this site [38] .
Fig. 3. Site used for pull-out studies
Pull-Out Capacity Of Granular Anchor Piles In Expansive Soils
www.iosrjournals.org
Types of Piles
The following types of piles were tested for their pull-out resistance.
Granular Anchor Pile:
For conducting the pull-out capacity test in the field on granular anchor piles, initially, the necessary anchorage rods of required dimensions were prepared in the laboratory. For the anchorage action, a HYSD bar of 16 mm diameter of required length is taken and the anchorage plate is fixed to its bottom with the help of both bolting and welding. A single rod at the center of pile has been used for the pull-out testing, and the system of granular anchor pile used is shown in Fig. 4 . Using hand augers, boreholes of required diameter and depth were made in the field and these anchorage rods along with anchor plates were inserted into the boreholes. After installing these anchorage rods, the granular piles were constructed around the rods in increments of about 50 mm. The stones and sand were poured into the borehole in the proportion of 2:1 and compacting was done with a pre-fabricated annular hammer of 20 kg weight falling from 0.60 m height. The granular pile material was compacted in lifts of 20 cm until the set per blow is negligible and for this, it was found that 35 blows were required for each lift. The above process was repeated till the required height of pile was achieved. The remaining portion of the borehole is filled with sand to have surcharge action on the pile.
Concrete pile:
For the construction of concrete piles of various dimensions for the pull-out tests, the bore holes were filled with M 15 grade concrete after placing the necessary reinforcement and was allowed for curing for about 15 days. The pull-out load was applied on these piles as in the previous case till their failure. For these piles also, the pull-out load values were measured both in unsaturated and saturated conditions for corresponding values of deformations. The system of concrete pile used is shown in Fig. 5. 
Pull-out testing
The pull-out tests were carried-out both in saturated and unsaturated states. For the tests in unsaturated state, the respective piles were pulled-out immediately after their formation and the tests in saturated state were conducted after thorough wetting of the ground for about 10 days. The pull-out loads were applied using a specially devised rectangular frame for the purpose (Fig. 6 & 7) . 
III. Discussion On Test Results
The ultimate pull-out load or failure load for this study is defined as the load at which the granular anchor pile or concrete pile was completely pulled out or beyond which the load displacement plot became practically linear (Braja M .Das et al, 1985) . The results of pullout tests in the laboratory are presented in table 1. From this table, it can be observed that the pull-out capacity of granular anchor pile both in unsaturated and saturated conditions is about 3 to 4 times more than that of concrete pile. The load deformation curves for the pull-out tests on concrete pile and granular anchor pile are shown in Fig. 8 . From these test results, it can be revealed that the frictional forces generated along the pile-soil surface in case of granular anchor piles are high when compared to concrete piles. This may be attributed to the ramming action in case of granular anchor piles, due to which the granular pile material will displace laterally and will mobilize maximum skin friction. In the case of concrete piles, the concrete mix is compacted by rodding/poking technique, which may not be able to displace the pile material in lateral direction effectively. Figs. 9 and 10 show the pull-out resistance versus deformation plots for different sizes of concrete and granular anchor piles respectively. The pull-out resistance of concrete piles in unsaturated state is ranging from 70 -95 kPa whereas for granular anchor piles, it is about 200 -220 kPa. The pull-out resistance of granular anchor and concrete piles is decreased by about 25% and 32 % respectively upon saturation. The Pull-out resistance of granular anchor piles is more than twice the value for concrete piles both in saturated and unsaturated states. The high value of pull-out resistance for granular anchor piles could be attributed to thorough packing and lateral displacement of granular fill due to ramming. Such lateral displacement of granular fill develops close interaction and interlocking with the sides of borehole; which is questionable in case of concrete piles. Though a marginal variation in pull-out resistance of different sizes of concrete piles is recorded in unsaturated state, the size effect is negligible in saturated state for both the types of piles. 
IV. Conclusions
The following conclusions are made based on the investigations on the pull-out capacity of granular anchor piles.
1. The granular anchor pile is found to be a cost effective foundation treatment alternative to the conventional concrete piles for increasing the pull-out carrying capacity of foundations on expansive soil. 2. The pull-out resistance of concrete piles in unsaturated state is about 70 -95 kPa whereas for granular anchor piles, it is about 200 -220 kPa. In saturated condition, the range of values for concrete piles is 49 to 61 kPa and for granular anchor piles, it is from 145 to 156 kPa. 3. The pull out tests both in laboratory and field under both saturated and unsaturated conditions have revealed that the pull-out resistance of the granular anchor piles is around 3 to 4 times that of similar concrete piles. 4. From the laboratory test results it can be observed that on saturation, the pull-out resistance is decreasing by about 14% that of unsaturated condition in case of granular anchor piles, whereas it is decreasing by 26% in case of concrete piles. And in case of field studies, the decrease is by about 25% for granular anchor piles and by 32% for concrete piles. 5. For the same surface area, the effect of diameter on the pull-out capacity is more than that of length in increasing the pull-out resistance. The granular anchor pile technique can be a potential treatment alternative for anchoring the footings resting on expansive soils. The performance of these granular anchor piles in controlling the heave of footings is to be further investigated for their performance before promoting them as an alternative foundation system in expansive soils in view of their effectiveness and simplicity in construction.
